Abstract. Two species of Coccomyxa Léger et Hesse, 1907 , one of the least studied myxosporean genera, are reported from shallow coastal waters in the Gulf of Eilat, Red Sea, Israel. A new species, Coccomyxa jirilomi sp. n. is described from the spotted frillgoby Bathygobius cyclopterus (Valenciennes) (Gobiidae). It forms polysporous plasmodia that invade the liver and form packed clusters inside the bile ductules. Plasmodia also occur in the bile ducts and gall bladder of the host, attached to the epithelial lining or free floating in the bile. Infected hepatic bile ductules packed with plasmodia were partially occluded, with evidence of cholestasis, periductular fibrosis and pericholangitis. The mature spore is ellipsoid, has smooth valves and contains a single polar capsule with the polar filament arranged in 4-5 oblique coils. Spore dimensions are 9.0-11.3 × 5.0-7.0 µm. A second species, Coccomyxa sp., with smaller 7.6-9.6 × 4.2-5.2 µm and more delicate spores, was found in the gall bladder of the rippled rockskipper, Istiblennius edentulus (Forster et Schneider) (Blenniidae). The small subunit (SSU) rDNA sequence analysis of both Coccomyxa species suggests that they are closely related to members of the genera Myxidium, Zschokkella and Auerbachia, whose members infect the gall bladder of marine fish.
Eight species have been described in the genus Coccomyxa Léger et Hesse, 1907 since it was established 100 years ago, and all are from marine fish hosts. Only one is histozoic, invading the gill cartilage (Cheung and Nigrelli 1990) , while the others are coelozoic parasites of the gall bladder (e.g. Wu 1991, Dyková 1992, Sarkar 1995) . Gall bladder-inhabiting myxozoans (e.g. Myxidium, Zschokkella, Ceratomyxa, Chloromyxum and Leptotheca species) have long been considered to have generally low significance as fish pathogens , but a few have considerable impact on their hosts (Walliker 1968 , Feist and Bucke 1992 , MacKenzie et al. 2005 .
The currently available information on Coccomyxa is sparse and deals mostly with light microscopy descriptions of the spores. In this paper, we provide the first details on the phylogenetic status of Coccomyxa spp., using molecular tools. We report herein on two undescribed species from the Red Sea, one that parasitizes the hepatic bile ducts and gall bladder of the frillgoby Bathygobius cyclopterus (Valenciennes), for which the name Coccomyxa jirilomi sp. n. is proposed, and the other from the rippled rockskipper Istiblennius edentulus (Forster et Schneider).
MATERIALS AND METHODS
Specimens of Bathygobius cyclopterus and Istiblennius edentulus were examined intermittently during the spring and summer months (April-September) of [2003] [2004] [2005] . The fish were caught in the shallow rocky intertidal waters in the Gulf of Eilat, Israel (Red Sea). Fish were kept in flowing sea water and examined within one week of capture. Specimens were measured, weighed, and dissected, with external surfaces and internal organs examined for presence of parasites and lesions. Parasites were examined in fresh mounts using phase contrast and Nomarski interference microscopy. Air-dried smears were stained with Giemsa method. Portions of gall bladder and liver tissue were fixed in 10% buffered neutral formalin and processed into paraffin blocks. Sections were stained with haematoxylin and eosin, or Gram and tartrazine (for strong contrast staining of spore polar capsules).
Samples of parasites and host tissue for molecular analysis were preserved in 90% ethanol or frozen and stored at -80ºC until processed.
DNA extraction. Samples for molecular analysis were ground with 300 µl of grinding buffer (100 mM Tris-HCl pH 9, 100 mM EDTA, 1% SDS) and incubated for 30 min at 70ºC. The homogenate was then placed on ice for 30 min with 42 µl of 8 M potassium acetate and centrifuged twice at 12,000 g (15 min and 5 min at 4°C). DNA was precipitated with 1 volume of isopropanol for 15 min at room temperature, washed twice with 70% ethanol and left to be air-dried. Pelleted DNA was dissolved in 50 µl ddH 2 O and viewed on an agarose gel (0.7%) stained with ethidium bromide. Quantity and purity of DNA extraction were estimated using a RNA/ DNA Calculator (Gene Quant pro, Amersham, Cambridge, England).
Polymerase Chain Reaction. PCR reactions were performed in a Programmable Thermal Controller (PTC-100TM, MJ Research, San Francisco, California). Total volume of PCR reactions was 25 µl, containing: 0.5 U of Taq DNA polymerase (Promega, Madison, Wisconsin), PCR buffer (10 mM Tris-HCl (pH 9.0), 50 mM KCl and 0.1% Triton X-100), 1.5 mM MgCl 2 , deoxynucleotide triphosphates, each at a final FOLIA PARASITOLOGICA 54: 109-116, 2007 concentration of 0.2 mM, 6.5 pmol of each primer and 5-50 ng genomic DNA. Typical cycling parameters included: 1 min at 95°C, 1 min at 55°C, and 1.5 min at 72°C, for 36 cycles. The initial denaturation step was extended to 5 min and the final extension step to 10 min.
Oligonucleotide primers. To avoid amplification of host DNA, amplifications were carried out using a combination of the universal primers 18e and 18g (Hillis and Dixon 1991) paired with myxosporean specific primers designed on the basis of published sequences available in the GenBank, and preliminary sequences of Coccomyxa samples (Table 1) : 18e-Ent894F, 18e-CocR1, CocF1-18g, 18e-CocR2 and Ent894F-18g.
Sequencing. PCR products were purified prior to sequencing, using QIAquick PCR purification kit (QIAGEN, Hilden, Germany). For sequencing, all seven primers listed in Table 1 were used. Sequencing reactions were performed with an Automated DNA Sequencer (Perkin Elmer Co. Model 3700, Norwalk, CT, USA) using an ABI PRISM ® BigDye™ Terminator Cycle Sequencing Ready Reaction Kits (Applied Biosystems), by the DNA Sequencing Biological Services Unit, Weizmann Institute, Rehovot, Israel.
Phylogenetic analyses. The SSU rDNA sequences, determined for two species of Coccomyxa, were aligned with 24 sequences retrieved from the GenBank. The dataset included sequences determined for marine myxosporeans that are over 1,500 bp in length.
Sequences were aligned using Clustal_W (Thompson and Higgins 1994) and required no subsequent editing. Tetracapsuloides bryosalmonae was used as an outgroup (Jirků et al. 2006) . Maximum parsimony (MP) trees were constructed with PAUP* version 4.0b10 (Swofford 1998) , heuristic search with tree-bisection-reconnection (TBR) branch swapping, random addition of sequences (100 replications) and stepwise-addition starting trees. Maximum likelihood (ML) analyses were used to validate the phylogenetic relationship inferred from the MP analyses. HKY85 settings were used for heuristic search by ML partition, in which gamma shape distribution, base frequencies and Ts/Tv ratio were all based upon tree topology. Nodal support was assessed by bootstrap re-sampling; 1,000 replicates by MP and 100 by ML.
RESULTS
Myxosporean plasmodia and spores were found in the gall bladder and hepatic bile ducts in B. cyclopterus, while in I. edentulus, infections were only observed in the gall bladder.
Coccomyxa jirilomi sp. n.
Figs. 1-9, 12-19
Bathygobius cyclopterus harboured myxosporean plasmodia, roughly 40-120 µm in length, in the hepatic bile ducts and/or gall bladder. Based on spore morphology (Figs. 1-5) , the myxosporean was placed in the genus Coccomyxa Léger et Hesse, 1907. Spores. Mature spore ellipsoid in frontal view, slightly rounded in sutural view . Valves approximately equal in size, smooth, with fine suture difficult to discern in fresh material, evident in Giemsastained spores (Fig. 3) . Single, pyriform to ovoid polar capsule positioned at one pole of spore. Length of polar capsule approximately 1.9 times width; polar filament arranged in 4-5 coils. Sporoplasm located in spore cavity, adjoining polar capsule (Fig. 4a) . In a distinctive configuration, basal portion of filament extends from apex of polar capsule, drops to mid capsule level, loops and re-ascends to form first filament coil (Fig. 4b) . Extruded filament long, measuring >100 µm in Giemsastained smears (Fig. 5) . Measurements of fresh spores from gall bladders of 2 host individuals (n = 30, µm): length 10.1 ± 0.8 (range 9.0-11.3), width 6.1 ± 0.5 (range: 5.0-7.0), polar capsule 5.1 ± 0.4 × 2.7 ± 0.3 (range 3.5-5.7 × 1.9-3.2).
Plasmodia. Polysporous, occurring in the hepatic bile vessels or gall bladder. In the bile ductules, packed together, often forming cluster that partially or completely obstructed the lumen and tightly adjoined the surrounding epithelial lining (Fig. 6 ). Individual size of plasmodium difficult to estimate in packed clusters. In wide biliary ductules, bile ducts and gall bladder, individually attached plasmodia bordering epithelial lining measured 40-120 µm in diameter (Fig. 7) . Mixed infections of Coccomyxa jirilomi together with an unidentified species of Ceratomyxa, with smaller plasmodia, occurred in the gall bladder (Figs. 7, 8) . Host cell debris, plasmodium fragments and free spores were often observed floating freely in gall bladder (Fig. 9) . Infections of C. jirilomi in the gall bladder were commonly accompanied by an unidentified hyperparasitic microsporidian (see Fig. 1, arrowed) .
T y p e a n d o n l y h o s t : Spotted frillgoby, Bathygobius cyclopterus (Valenciennes, 1837) (Gobiidae). T y p e l o c a l i t y : Eilat, Red Sea, Israel.
Figs. 1-7. Coccomyxa jirilomi sp. n. in Bathygobius cyclopterus. Fig. 1 . Spores in fresh bile; arrows show microsporidian spores (phase contrast). Fig. 2 . Spores in fresh bile (Nomarski interference microscopy). Fig. 3 . Spores in air dried smear of bile. afront view; b -side view; * -polar capsule (Giemsa). S i t e o f i n f e c t i o n : Hepatic bile ducts and gall bladder. P r e v a l e n c e : 33.3% (8 fish, 4.1-9.1 mm total length (TL), of 24 fish examined). T y p e m a t e r i a l : Specimens deposited in the Institute of Parasitology, Academy of Sciences of the Czech Republic, České Budĕjovice; syntype, DPF-010, air-dried Giemsastained spores. E t y m o l o g y : The species is named in honour of Dr. Jiří Lom, distinguished Czech fish parasitologist, in recognition of his exceptional contribution to the knowledge of the Myxozoa.
Coccomyxa sp.
Figs. 10, 11
Spores of Coccomyxa sp., distinct from C. jirilomi, were found in the gall bladder of 3 of 25 (12%) 8-19 mm (TL) individuals of Istiblennius edentulus. Unfortunately, since infection intensities were low, insufficient material was available for a thorough study; thus, we prefer not to describe it as a new species at this time. Its plasmodia were polysporous (Fig. 10) , with oval spores (Fig. 11 ) of 8.4 × 4.7 µm mean length and with 3.5 × 2.4 µm polar capsule, which is smaller than C. jirilomi. The drop-shaped polar capsule had 5-6 filament coils. The sutures of the fine and very thin spore valves could not be discerned with light microscope. The SSU rDNA sequence of this species displayed 96.5% nucleotide sequence homology with C. jirilomi. It is noteworthy that despite the significant overlap in their hosts' Red Sea shallow-water habitats, C. jirilomi was found exclusively in B. cyclopterus, while Coccomyxa sp. only in I. edentulous; thus, both display considerable host specificity.
Molecular phylogeny
Overall, SSU sequences were determined for six samples. These were obtained from the two host species, B. cyclopterus and I. edentulus. Each host individual was recovered in the course of a different sampling event. These samples revealed two distinct sequences of Coccomyxa; type BC200903 from B. cyclopterus (referred to as Coccomyxa jirilomi) and type IE200903 from I. edentulus (referred to as Coccomyxa sp.). Both types were submitted to GenBank (Table 2) , and as indicated above, displayed a 96.5% rDNA nucleotide sequence homology.
Alignment of the complete datasets revealed 742 parsimony-informative characters, a single tree for each of the algorithms used (MP and ML). Estimated ML parameters were: base frequencies = A:0.255736 C:0.194 074 G:0.248568 T:0.301622, ti/tv ratio = 1.563265 (kappa = 3.200426) and gamma shape parameter = 0.323341.
The phylogenetic analysis produced a clear topology of five distinct and well-defined branches, supported by high bootstrap values calculated for both algorithms. The branches were characterized as: Ceratomyxa clade, Enteromyxum clade, Kudoa clade (outlier Unicapsula sp.), Parvicapsula clade (outlier Zschokkella lophii) and a mixed branch that includes representatives of five genera: Auerbachia, Coccomyxa, Ellipsomyxa, Myxidium and Zschokkella. Both species of Coccomyxa clustered together on a distinct and well-defined clade within this branch (Fig. 21) .
Pathogenesis
A noticeable hypertrophic gall bladder containing a dark-green bile fluid was observed in some of the infected B. cyclopterus; no apparent gross changes were seen in the liver, however. In squash preparations, plasmodia and spores could be observed in the parasitized bile ductules (Fig. 6) . In histological sections, the overall appearance of the hepatic parenchyma appeared mostly normal. Nevertheless, infected ductules packed with plasmodia were partially occluded, with evidence of cholestasis, some compression flattening of the epithelial lining and minor periductular fibrosis . Although the infected ducts remained intact, lumen dilatation was evident and in some cases also infiltration of inflammatory cells (pericholangitis). Degenerative vacuolation of parenchymal cells adjacent to the obstructed ductules was also observed (Fig. 18) . No plasmodia or spores were found in the liver parenchyma, and pancreatic tissue displayed no perceptible changes.
A hyperparasitic microsporidian, tentatively identified as belonging to the genus Glugea, was observed to infect Coccomyxa jirilomi plasmodia in B. cyclopterus (see Diamant 2005) . No microsporidians were found in any of the I. edentulus individuals examined.
DISCUSSION

Identity of the species
The eight species of Coccomyxa described so far occur in diverse zoogeographical localities and a variety of hosts; Coccomyxa jirilomi being the first to be described from the Red Sea (Table 3) . Coccomyxa jirilomi differs from all previously described members of the genus. Its spore is smaller than C. morovi and C. ovale, and it has
Figs. 14-20. Histological sections of Bathygobius cyclopterus liver parasitized by Coccomyxa jirilomi sp. n. Fig. 14 . Section at bifurcation of hepatic bile ductule, exhibiting dark polar capsules of mature spores. Note fibrosis (F) and associated islets of pancreatic tissue (PT) (Gram and tartrazine). Fig. 15 . High-power magnification of section through ductule packed with sporulating plasmodia (Gram and tartrazine). Fig. 16 . Plasmodia attached to epithelial lining of narrow bile duct (H&E). Fig. 17 . Plasmodia attached to epithelial lining of large bile duct (H&E). Fig. 18 . Inflammatory cell infiltration in an area of the liver adjoining a parasitized bile ductule (arrow). Note degenerative hepatic parenchyma cells and vacuolation (H&E). Fig. 19 . Duct displaying both distinct and packed plasmodia (H&E). cies. Observations on its ultrastructure will be published separately (Diamant, Lipshitz and Ucko, in preparation).
The repeat sequences obtained from the distinct isolates BC200903 and IE200903 represent two closely related and host species-specific myxosporean species, Coccomyxa jirilomi found exclusively in Bathygobius cyclopterus and Coccomyxa sp. in Istiblennius edentulus, respectively. It is remarkable that no cross infections were observed, since the hosts share the same littoral Red Sea habitat.
The pathogenicity of Coccomyxa species is generally low. The only member of the genus which has been reported to harm its host is C. hoffmani, which causes compression damage to branchial cartilage and associated capillaries as well as lamellar erosion (Cheung and Nigrelli 1990) . Coccomyxa jirilomi may adversely affect function of the host intra-hepatic biliary system, resulting in pericholangitis and degeneration of the parenchyma, particularly at the periphery of partially or fully obstructed bile ductules. However, in most cases pathogenesis was negligible and never reached the stage of pathology observed in liver infections of related myxosporeans, such as Zschokkella nova or Z. icterica (Bucher et al. 1992, Diamant and Paperna 1992) .
In our phylogenetic analysis, the two Coccomyxa species formed a new, well-defined clade within one of the five marine lineages of Myxosporea recently outlined in detail by Fiala (2006) . Originally, this genus was assigned as a member of the Myxidiidae Thélohan, 1892, which concurs with our finding of C. jirilomi and Coccomyxa sp. being sister to Myxidium, Zschokkella, Ellipsomyxa and Auerbachia. Consequently, molecular data support the inclusion of Coccomyxa in the family Myxidiidae Thélohan, 1892, suborder Variisporina Lom et Noble, 1984 , as based on spore morphology. It may be expected that the relationship between various taxa within the Myxidiidae will become clearer as the SSU rDNA and more genes of additional species are sequenced.
